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• RHIC: ion-ion collisions at up to √sNN=200GeV

•  also p+p collsions, crucial baseline
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well described by hydrodynamics with small viscosity

Romatschke & Romatschke PRL 99 172301 (2007)
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• baryon production difficult in 
fragmentation

• need 3 quarks together

• makes baryons a good place to 
look for novel effects
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fragmentation: parton A→N hadrons
for each hadron: pT,N < pT,A
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11
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correlated baryons?

• baryons: less same 
side correlations in 
the most central 
collisions

12
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high pT particle production

13

Parton Distribution 
Functions: Measured in 

Deep Inelastic 
Scattering

Hard Scattering Cross 
Section: Calculated 

with pQCD

Fragmentation into 
Hadrons: Measured in 

e+e- Collisions

jet

jet

p+p collisions
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high pT particle production

14

Parton Distribution 
Functions: Measured in 

Deep Inelastic 
Scattering

Hard Scattering Cross 
Section: Calculated 

with pQCD

Fragmentation into 
Hadrons: Measured in 

e+e- Collisions

PCM & clust. hadronization

NFD

NFD & hadronic TM

PCM & hadronic TM

CYM & LGT

string & hadronic TM

jet

jet

Au+Au collisions

Parton Medium 
Interactions
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γ: control measurement

15

RAA = 1

no nuclear effects

γ: no color charge → insensitive to produced matter
RAA(pT<14GeV/c) consistent with unity

RAA =
yieldpp * Ncoll

yieldAA
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π0: light meson

16

RAA =
yieldpp * Ncoll

yieldAA

RAA << 1

parton energy loss
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and protons...

• RAA(p,pbar) > RAA(π)

• even @ high pT, baryon/meson 
differences persist!

• inconsistent with parton 
energy loss & vacuum 
fragmentation

17

pT (GeV/c)

STAR preliminary
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and protons...

• RAA(p,pbar) > RAA(π)

• even @ high pT, baryon/meson 
differences persist!

• inconsistent with parton 
energy loss & vacuum 
fragmentation

17

are baryons coming 
from somewhere else?

pT (GeV/c)

STAR preliminary
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direct proton production?

18

Brodsky & AMS PLB 668 111 (2008)

p
uu→pd

u
u

d quark
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direct proton production?

• color singlet proton directly produced within hard scattering

• small color neutral protons: color transparent

• proton exits collision region without interacting, like a direct γ
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direct proton production?

• color singlet proton directly produced within hard scattering

• small color neutral protons: color transparent

• proton exits collision region without interacting, like a direct γ

• RAA(proton) > RAA(π)

18

Brodsky & AMS PLB 668 111 (2008)

p
uu→pd

u
u

d quark
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filter: hot nuclear matter

• colored partons lose a lot of 
energy

• suppresses baryons from 
fragmentation

• direct processes unsuppressed

• relative contributions enhanced

19

pT (GeV/c)

STAR preliminary
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xT scaling

20 Brodsky, et al NPB441 197 (1995), Brodsky et al PLB637 58  (2006)
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xT scaling

• n related to “twist”, number of participants, of the 
hard scattering

• leading twist: g+g→g+g, n=4 

• higher twist: qq→p+qbar, n=8

20 Brodsky, et al NPB441 197 (1995), Brodsky et al PLB637 58  (2006)
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xT scaling

• n related to “twist”, number of participants, of the 
hard scattering

• leading twist: g+g→g+g, n=4 

• higher twist: qq→p+qbar, n=8

• n increased slightly

• running coupling, evolution of PDFs & FFs

20 Brodsky, et al NPB441 197 (1995), Brodsky et al PLB637 58  (2006)
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xT scaling: photons

• good scaling over a wide 
range of xT with n=5

•  23 < √s < 1800 GeV

21
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xT scaling: pions

• good scaling over a wide 
range of xT

• higher exponent than the 
photons n=6.3

22
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more quantitative: neff(xT)

• use measurements at two collision energies to extract 
the effective exponent

23

Cahalan et al PRD 11 1199 (1975)
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pions: heavy ion collisions

24
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pions: heavy ion collisions

• neff(pions) increases with centrality
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anti-protons: heavy ion collisions

25
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anti-protons: heavy ion collisions
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anti-protons: heavy ion collisions
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anti-protons: heavy ion collisions

• power increased for protons, increases w/ centrality
25
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p and pbar

• n higher for p and pbar than pions

• n increases with centrality

• both charges show the same trend
26
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how would you test this?

• can also make strange baryons: signature balancing strangeness will be 
on in recoil jet
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how would you test this?

• can also make strange baryons: signature balancing strangeness will be 
on in recoil jet

• in contrast, in hard fragmentation picture: balancing strangeness will be 
close, in same jet

27

uu→Σ+s
u
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s

Σ+

Brodsky, AMS
PLB 668 111 (2008)
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baryon “anomaly”

• low pT: recombination

• intermediate & high pT: higher twist

• hot nuclear matter → study rare QCD processes!

• identified particle measurements in a range of 
systems and energies provide a great way to study 
higher twist QCD processes and hot nuclear matter

• strong motivation for RHIC energy scan at moderate 
center of mass (40-200GeV) p+p & heavy ions

28
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2 particle correlations

• complementary to single 
particle observables

• different sensitivity to 
geometry

29
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2 particle correlations

• complementary to single 
particle observables

• different sensitivity to 
geometry
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Arleo, Aurenche, Brodsky, Hwang, & Sickles: in preparation
Brodsky: arXiv:0904.3037
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uncertainties in proton FF
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uncertainties in proton FF
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uncertainties in proton FF
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uncertainties in proton FF

• factor of three differences 
in gluon → proton FF!

• DSS fragmentation 
functions reproduce STAR p
+p results (they were used 
in the constraint)
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uncertainties in proton FF

• factor of three differences 
in gluon → proton FF!

• DSS fragmentation 
functions reproduce STAR p
+p results (they were used 
in the constraint)
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still unclear why RAA(p) > RAA(π)
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jet conversions
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idea: jet parton scatters on 
medium parton and changes 
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• recombination at high pT?

• potentially extremely interesting: sensitive to mean free 
path
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• decreasing proton v2? increasing direct component? 
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xT scaling
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Gluons dominate 
low-x wave function

)20
1(  ×xG

)20
1( ×xS

vxu

vxd

valance up: 0.6

gluon: 0.09x20=1.8
sea: 0.04x20=0.8
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xT scaling

• n related to “twist”, number of participants, of the 
hard scattering

• n(xT) = 4: leading twist 2→2 scattering

• increased slightly: running coupling, evolution of PDFs 
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Cahalan et al PRD 11 1199 (1975)


